We study different bipartite measures of quantum correlations in different model Hamiltonians and connect them with concept of information scrambling, quantified by tripartite mutual information (TMI). We start with simple initial states, an entangled pair at the first two qubits and then let the system evolve unitarily. Bipartite quantum correlations have been calculated to show how the information coded in the first two sites as a form of quantum correlation spreads out to other location. We show that the cases where the number of down (up) spins is a conserved quantity, entanglement spreads consistently to other parts of the system and for these dynamics the TMI between three qubits is strictly non negative for one down spin initial states. On the other hand, for the dynamics where the number of down (up) spins is not conserved the propagation does not take place from the first two entangled sites but correlations generate in the system. TMI can be negative for these model even for one down spin initial states. Finally we study the effect of a quantum dynamical process (QDP), both unitary and non-unitary on the evolution of the mutual information and information scrambling. We show that correlations between two qubits can be increased depending on the location and time of the QDP. Also local QDPs can cause scrambling even when the normal background dynamics in non-scrambling in nature.
I. INTRODUCTION
Spin chains have been studied, over the last few years, from the view point of quantum information and communication, as possible quantum channels for quantum state transfer [1] [2] [3] .Traditionally quantum spin chains have investigated from the view point of low-dimensional condensed matter physics systems exhibiting quantum phase transitions and a variety of spin ordering [4] [5] [6] . These systems have been studied for the dynamics of quantum many-body systems, for magnon bound and scattering states [7, 8] , spin current dynamics [9] , relativistic density wave dynamics [10] . The unitary evolution of quantum correlations, using model Hamiltonians, have been investigated, for a quantum quench [11] , the light-cone in entanglement spreading [12] .
Through a general dynamical evolution, a system can undergo a unitary Hamiltonian evolution, if it is a closed system, and a non-unitary time evolution, if it is an open system. Thus, studying the dynamics of open systems becomes important for studying many-body correlation. The density-matrix formalism is best suited for a general quantum state evolution, and the evolution of the various subsystems. The dynamics of spin chains have been studied recently for partially open systems using an instantaneous local quantum dynamical process (QDP) that intervenes a unitary background Heisenberg-XY dynamics [14] . This leads to local decoherence, and a further unitary evolution of the system after QDP disturbance leads to redistribution of quantum correlations. A signal from the QDP disturbance propagates from the * saikatsu@iitk.ac.in † vmani@iitk.ac.in, vmanisp@uohyd.ac.in site at which QDP occurs and can be detected from far away sites at later times, for a general integrable background dynamics. The QDP signal can interfere with quantum state transfer, and can enhance the state transfer fidelities [15] , particularly if the QDP is unitary process. The Loschmidt echo from the QDP disturbance has been investigated both for the integrable and nonintegrable background dynamics [16] , displaying a contrast how the system will settle down to the background dynamics, a long time after the QDP disturbance.
In this paper, we will address the distribution of quantum correlations of evolving spin chains, and how the correlations are redistributed due to a quantum operation that intervenes the dynamical evolution. We will consider both the spin conserving dynamics, like in Heisenberg model, and the spin non-conserving dynamics, like in XY model in transverse field. We will investigate the nonintegrable background dynamics using a kicked Harper model. It is interesting to see how the entanglement is generated and distributed over various pairs of qubits, by studying the concurrence measure of pairwise entanglement. We will also study the pairwise quantum mutual information I(A : B), between two qubits A and B, and its generation and redistribution due to quantum operations.
We will investigate the effect of local quantum operations on the sharing of pair entanglement over various qubits, by investigating the tripartite mutual information. The quantum information scrambling [17] [18] [19] , for three marked qubits A, B and C, is quantified by the tripartite mutual information, I 3 (A : B : C) defined for three marked qubits A, B and C in terms of two-party mutual informations as I 3 (A : B : C) = I(A : B) + I(A : C) − I(A : BC). It is the difference between the sum of informations shared by A with B and A with C, and the information that A shares with B and C together. This gives us an insight into multi-party correlation distribution. For a pure tripartite state, the tripartite mutual information is zero. For a mixed tripartite state, the tripartite mutual information can be negative, signifying that quantum correlations are spread over three parties as opposed to local two-party correlations.
This paper is organized as follows. We will discuss well-studied measures of quantum correlations, that involve two-party and three-party correlation functions in section II. We will discuss the time evolution of onemagnon and two-magnon initial states, where the dynamical Green's function will be evaluated for the Heisenberg model, the transverse-field XY model and the kicked Harper model In section III. We will study the effect of a QDP on the evolution of the entanglement and mutual information, in section IV. We will discuss both unitary and non-unitary QDPs in conjunction with both integrable and non-integrable background dynamics.
II. PAIRWISE QUANTUM CORRELATIONS, MUTUAL INFORMATION AND SCRAMBLING
We will discuss briefly a few popular measures of quantum correlations and information that have been extensively studied for spin systems over the last two decades. For a pair of qubits, the pair entanglement will depend on the pair correlation function, and similarly the quantum mutual information of the qubits. The two-qubit reduced densuty matrix (RDM) of a many body system is in general a mixed state. The RDM ρ AB of two qubits A and B is computed by tracing out all other qubits from the full system. The dynamics, for all the models that we are considering for discussion, conserves the parity, which implies the density matrix elements between two states with different number of up (down) spins are zero. Let us consider σ z −diagonal basis states, | ↑↑ , | ↑↓ , | ↓↑ , | ↓↓ , for the two qubits. The RDM ρ AB takes the X-state form,
For the Heisenberg dynamics, in the two-qubit density matrix we have z = 0 for a state with fixed number of down spins. For the transverse-field XY model dynamics, the matrix element z also can be nonzero. All the matrix elements shown above can be related to the two-point correlations functions [20] . Now, we discuss some measures of two party correlations. The pairwise concurrence between two qubits measures the mutual entanglement between the qubits. It takes the value of unity when the qubits are maximally entangled. The concurrence is given as,
λ i are eigenvalues of the matrix ρρ in deceasing order. ρ is the time reversed state of ρ given by,ρ = (σ y ⊗ σ y )ρ * (σ y ⊗ σ y ). Concurrence for two qubit j and k RDM of the above form is given by,
The quantum mutual Information I I (A : B), for the quantum state ρ AB for two parties A and B, is defined in terms of von Neumann entropies of the subsystems, given as,
The mutual information between two subsystems A and B can be defined in another way, using the conditional information entropy. similar to the classical information theory. A measurement basis is setup for the qubit A, with two possible outcomes that occur with two probabilities. The conditional entropy of B is the weighted average of the the von Neumann entropy of the two conditional density matrices of B corresponding to the two measurement outcomes for A.
Unlike classical information theory, these two definitions do not yield same results in the quantum scenario because of the basis dependence of the conditional entropy S(ρ A|B ). Hence, J(A : B) depends on how quantum correlations between two subsystems depend on the measurement basis {E} set on one of the subsystems. Quantum discord is defined as the minimum difference between the two mutual informations taken over all possible measurement basis. The quantum Discord for parties A and B is given by,
. The von Neumann entropy S(ρ) of the state ρ is given in terms of the eigenvalues λ i as,S(ρ) = − λ i logλ i . The eigenvalues of ρ A are u + w 1 and v + w 2 . The four eigenvalues of the composite state ρ AB are given by,
The analytical form of the quantum discord for two party mixed state of X-state form, displayed above, is shown to be given in the in the following form [21] ,
(8) The quantities C θ,φ (ρ B|A ) is the conditional entropy of the qubit B when a σ −n diagonal basis is set up for the qubit A, where the θ and φ spherical polar angles specifyingn. The two conditional entropies for two different measurement basis and are given as a function of the elements of two qubit RDM, as
where
The correlation measures discussed above are not easily computed for bipartite mixed states. A measure of entanglement that can be easily computable, is given by G. Vidal and R. F. Werner [22] . It is based on the trace norm of the partial transpose ρ T A AB of the bipartite mixed state ρ AB , a quantity whose evaluation is completely straightforward using standard linear algebra manipulations. Though the partial transposition is not a valid quantum operation as it does not satisfy the condition of the complete positivity, it can be used as a witness of quantum entanglement. This measure is known as negativity as it measures the deviation of partial transpose of the RDM from being positive. The negativity N (ρ AB ) corresponding to the quantum state ρ AB for two parties A and B is defined as,
where, the trace norm of the matrix ρ: ||ρ|| = T r ρρ † is equal to sum of the absolute value of its eigenvalues i |λ i |. It can be shown that N (ρ AB ) does not increase under LOCC, i.e., an entanglement monotone [22] . The eigenvalues λ i of the matrix ρ T A are given as,
For a bipartite quantum state the negativity is defined on partial transpose criteria. Though partial transposition is not a valid quantum operation as it does not satisfy the condition of complete positiveness, it can be used as a witness for quantum correlation. The negativity N(ρ AB ) corresponding to the quantum state ρ AB for two parties A and B is defined as,
where, ||ρ|| = T r ρρ † denotes the trace norm of the matrix ρ. Tripartite Mutual Information (TMI) for three parties A, B and C is defined as,
This is a measure of by how much the information shared by A with B and C together is different from the sum of the information shared by A with B and the information shared by A with C. However, by rewriting the twoparty mutual informations above in terms of entropies (see Eq.25), TMI can be seen to be symmetric over all the qubits. We can rewrite it in terms of one-body, twobody and three-body entropies, we have
If the three-party state is a pure state, the three-body entropy is zero, and entropies of A and BC are equal, and similarly for other partitions. Thus, the tripartite mutual information is identically zero for a three-party pure state. However, a three-body RDM will in general represent a three-body mixed state, thus I 3 (A : B : C) can be nonzero. Now, I 3 (A : B : C) is negative when the sum of information shared between A and B ; A and C is smaller than that between A and BC together. This is known as scrambling of information. The various twoparty quantum mutual informations can be written down analogous to I(A : B), that we discussed in the context of the quantum discord. In addition we need to compute the von Neumann entropy a three-qubit state ρ ABC for computing I(A : BC). We are not giving the explicit form, as it can easily be written in terms of two-party and three-party correlation functions.
III. DYNAMICAL EVOLUTION OF TWO-BODY CORRELATIONS IN SPIN CHAINS
We will first briefly review the dynamical evolution of an initial many-spin state using a Hamiltonian dynamics. Through the time-evolution, a variety of spin correlations can be dynamically generated from a uncorrelated initial states. Subsequently, we will interrupt the background Hamiltonian dynamics by a quantum operation (QDP), and see how the correlations are redistributed. We will follow the approach taken in the study of signal propagation and interference effects due to a QDP occurrence [14, 15] . The first exactly-solvable and integrable non trivial models of interacting quantum spins is a one-dimensional chain of spins interacting with their nearest neighbour Heisenberg exchange interaction, known as the Heisenberg model. We will use the Pauli operator σ i to represent the different components of the spin operator S i at i'th site. Let us consider a one-dimensional chain of N spins interacting through the nearest-neighbour anisotropic Heisenberg model. The Hamiltonian is given by,
where J is the exchange interaction strength for the nearest-neighbour spins, and ∆ is the anisotropy strength. As all the three Pauli spin matrices appear in the Hamiltonian, an exchange interaction of neighbouring spin is implied in all three spin dimensions. The model exhibits ferromagnetic (antiferromagnetic) behaviour in the ground state for ∆ > 0(∆ < 0). The ground state and all the excited states are known, and can be found using the Bethe ansatz [6] . Let us use the basis states for the i'th spin as |0 (up-spin state) and |1 (down-spin) states, denoting the eigenstates σ tion, which implies that the eigenstates will have a definite number of down spins. The many-qubit basis states with l down spins can also be labeled by the locations (x 1 , x 2 ..x l ) of the l down spins, where the set is an ordered set with x 1 < x 2 and so on. An eigenstate with l down spins, a l−magnon state, can be written as a superposition of the basis states as,
where the eigenfunction ψ(x 1 , x 2 ..x l ) denotes the wave function amplitude for the corresponding basis state. The eigenfunction is given by the Bethe Ansatz [13] , labeled by the the set of momenta (p 1 , p 2 ..p l ) of the down spins, which are determined by solving algebraic Bethe ansatz equations, with periodic boundary conditions. There is only one zero-magnon state |F = |00..0 , which is just a ferromagnetic ground state with all the spins polarized along one direction. It is straightforward to see that it an eigenstate of the above Hamiltonian with energy 0 = −N J for periodic boundary conditions Starting from |F , one-magnon excitations can be created by turning any one of the spins, giving N localised onemagnon states, which can be labeled by the location of the down spin. One-magnon eigenstates are labeled by the momentum of the down spin, the eigenfunction is given by,
where the momentum p is determined by an integer I = 1, 2, ..N for both cases. The one-magnon eigenvalue is given by 1 (p) = 0 −2J cos p. The interaction strength J determines the hopping of the down spins to neighbouring sites, and the interaction of the two down spins is determined by ∆. The one-magnon eigen energies are independent of ∆ as the states carry only one down spin.
To discuss the dynamics of quantum correlations we will focus on the dynamics of a local entangled state. Since there is many body interaction we consider two initial states, a one magnon entangled state and a linear combination of zero and two magnon entangled state. The one-magnon eigenstates are not affected by the many body interaction term in the Hamiltonian. Let us first consider the following initial state,
The time evolution of the state is straightforward, the state after a time t becomes,
where the time dependent function Ω x (t) is given in terms of one particle Green functions [2, 15] the following form,
The reduced density matrix for the j th qubit are given in the form,
The other elements of the one and two qubit RDM for direct evolution of the states without any QDP can be calculated from Eq. and Eq. ,
Now, let us first consider the following initial state, a linear combination of zero and two magnon states,
The details of the two particle time dependent Green function G x1,x2
1,2 (t) is discussed in [15] . The elements of the one and two qubit RDM for direct evolution of the states can be calculated from Eq. 25. The reduced density matrix j th qubit is given as,
(26) The elements of the RDM ρ j,k given in Eq. 1 are given as,
Two particle Green functions G x1,x2 1,2
have been calculated numerically for different values of anisotropy parameter ∆. Accordingly the three qubit RDM ρ j,k,l for three qubits j, k and l has been calculated in order to compute the TMI.
Different measures of nearest neighbour quantum correlations concurrence C(i, i + 1), mutual information I(i, i + 1) are plotted as a function of time and site index in Fig. 1 The general Hamiltonian for an XY model with a transverse magnetic field is given as,
Here, the periodic boundary condition is assumed. It is easy to see that the three different terms in the above Hamiltonian do not commute with each other for J x = J y = 0. Since the spin 1/2 operators are neither bosons nor fermions the Hamiltonian can be exactly diagonalised and entire eigenvalue spectrum can be found by employing Jordan-Wigner transformation [5, 23] of spin 1/2 operators to spinless fermionic operators. The ground state exhibits a quantum critical behaviour, for the isotropic case of J x = J y for all values of the magnetic field strength, and for the anisotropic case for h = J x +J y . We can map spin-1/2 operators in the Hamiltonian to Fermionic creation and annihilation operators by means of Jordan-Wigner transformation. The mapping is given by,
The Hamiltonian will have a bilinear form in terms of Fermionic creation and annihilation operators, which can be be brought to a diagonal form by doing a Fourier transformation, followed by a Bogoliubov transformation [24, 25] . Fourier transforming the operators into momentum space, we define,
Here, the set of allowed momentum values are given by is q = 2πm/n, with m = −(n − 1)/2.. − 1/2, 1/2..(n − 1)/2 for even value of n; and m = n/2..0..n/2 for odd value of n. In terms of these momentum-space operators the Hamiltonian has a bilinear form with non-diagonal operators c † q c † −q and similar terms. To diagonalize the Hamiltonian we employ BogoliubovValatin transformation in which new Fermion creation and annihilation operators are formed as a linear combination of old operators, given as
The expansion coefficients and the eigenvalues are given by,
In terms of these new fermion operators, the Hamiltonian is diagonal, we have
Let us first consider the following initial state, a linear combination of one down spin states.
(35) Time evolution of this will generate all odd magnon sectors states. The elements of the RDM given in Eq. 1 in terms of spin operators are given by,
Now, the time evolution of the fermion annihilation operator in momentum space can be calculated, we have
The expectation values of the correlation functions c † j c j , c j c † j+1 , c j c j+1 and c † j c j c † j+1 c j+1 as a function of time can be calculated analytically as, Fig. 2(a) . The value of the function σ Fig. 2(b) . For the case h = 10.0, the correlation function σ
propagates consistently and continuously to farther sites with a finite speed as shown in Fig. 2(c) . The correlation function σ z i σ z i+1 becomes non zero for farther sites quickly and propagation does not take place with a finite speed for the cases h = 0.1 and h = 1.0 as shown in Fig. 2(d) and From the correlation functions given in Eq. 36 we compute the bipartite measures for quantum correlations. Nearest neighbour concurrence C(i, i + 1), mutual information I(i, i + 1) are plotted as a function of site index i and time t for XY model with transverse field in Fig. 3 . Here also we illustrate our results for same three sets of Hamiltonian parameters (J x = 0.7, J y = 0.3, h = 0.1); (J x = 0.7, J y = 0.3, h = 1.0) and (J x = 0.7, J y = 0.3, h = 10.0). Unlike the Heisenberg model the pairwise concurrence does not spread from first two sites for the cases h = 0.1 and h = 1.0 as shown in fig. 3(a) and 3(b) . Since parity is conserved and the state contains all odd number of down spins, initially pairwise concurrence is generated but after sometime it decays. Similarly, The pairwise mutual information does not spread from first two sites for the cases h = 0.1 and h = 1.0 as shown in Fig. 3(d) and  3(e) . However, the qubits generate mutual information between them as a result of the dynamics. But for the case h = 10.0, the value of the function pairwise concurrence and mutual information spread with finite speed from the first two sites and their values are zero outside the light cone as shown in Fig. 3(c) and 3(f) respectively. Nearest neighbour concurrence C(i, i + 1), mutual information I(i, i+1) are plotted as a function of site index and time for Ising model (J x = 1.0 and J y = h = 0) in Fig. 4 (a) and 4(b) respectively for a large N Ising chain. We see that the dynamics becomes trivial as the local correlation and entanglement at the first two qubits do not spread due to the nature of the dynamics speed of the correlation propagation cannot be defined. But correlations between the pairs generate as the Hilbert space is not confined to one down spin sector.
We consider a simple model Hamiltonian with a tunable parameter, to go continuously from completely integrable to completely non-integrable regimes. We use a one-dimensional periodically-kicked Harper model, a simple model of fermions hopping on a chain with an inhomogeneous site potential, appearing as a kick at regular intervals. The spin operator version of the Hamiltonian is given by
The first term is the XY term of the Heisenberg model considered above, that causes hopping of up or down spins. The last term is an inhomogeneous magnetic field in the z direction that comes into play through kicks at an interval of τ . The coupling strength g and the kicking time τ can be independently varied, that can affect the nature of the dynamics as we will see below.
The classical version of the kicked Harper Hamiltonian is regular for τ → 0 and completely chaotic for large value of τ , and similarly the eigenvalue and eigenfunctions of the quantum version display correspondingly a regular or chaotic characteristics [26] . The Harper model dynamics conserves the magnon number through the evolution. So the dynamics can be thought of as site-dependent kicks interrupting the background XY dynamics at a regular interval. Through the time evolution, the down spins can hop around to other sites. We will consider evolution at discrete times, viz. t = τ + , 2τ + etc, that is at instants just after a kick. The unitary operator for the evolution between two kicks is straightforwardly given by,
where, the two operator factors appearing above do not commute. The time evolved state at time nτ just after n kicks is |Ψ(t) = U n (g, τ )|Ψ(0) . The system evolves between a time nτ + to (n + 1)τ − through XY dynamics between two kicks which introduces a lattice position dependent phase factor to the Green function. We consider |Ψ(0) = α|10...0 + β|010...0 as the initial state of the system, the time evolved state will be given by,
where,Ω
Here we have introduced a the composite Green function, related to the the Green's function studied in Heisenberg dynamics, is given by, (42) It can be seen that after each kick, a site-dependent new phase is introduced in the Green function which indicates the qualitative change in the dynamics from the previous section. By setting gτ = 0 in the above, the Green functionG The qualitative nature of spreading of correlations from a maximally entangled pair or Bell pair does not depend on the integrability of the dynamics but confinement of the dynamics into a much smaller subspace of the Hilbert space leads to better transfer of quantum correlations in a many body system. As we can see from Fig. 1 and Fig. 5 , the correlation spread to long distances for Heisenberg model and kicked Harper model, where the number of down (up) spins is a conserved quantity. The same conclusion can be drawn for XY model with Hamiltonian parameters J x = 0.7, J y = 0.3, h = 10.0 as shown in Fig. 3(c) and 3(f) . This conclusion can also be achieved quantitatively from studying tripartite mutual information (TMI), which signifies scrambling of locally encoded information. TMI of first three qubits I 3 (1 : 2 : 3) has been plotted for different models as function of time t for the initial state |Ψ(0) = (|100...0 + |010..0 ) sqrt2. As shown in Fig. 6(a) , I 3 (1 : 2 : 3) is non negative for Heisenberg model and kicked Harper model with for both the cases τ = 0.1, g = 0.1 and τ = 0.9, g = 1.0. In these cases, information is not scrambled. On the other hand Fig. 6(b) shows that TMI becomes negative for Ising model with transverse field J x = 1.0, J y = 0.0 for certain range of the magnetic field strength. For Ising model without any field the value of the quantity I 3 (1 : 2 : 3) is strictly bounded between 0 and −1 implying perfect Scrambling. For very high transverse field |h| >> 1 the value is non negative. So, scrambling mostly takes place in the range of magnetic field 0 < |h| < 1. I 3 (1 : 2 : 3) is plotted as a function of time and magnetic field h for XY model with transverse field in Fig. 6(c) . Like the previous case the quantity I 3 (1 : 2 : 3) is mostly negative for magnetic field in the range 0 < |h| < 1 and non negative for large magnetic field region. So, it can be concluded that spreading of bipartite quantum correlations in a quantum many body system is associated with a non negative value of TMI as in the case of Heisenberg and kicked Harper model. On the other hand, the confinement and decay of bipartite quantum correlations is associated with a negative value of TMI as seen in the cases of XY model with small magnetic field and Ising model. 
IV. INTERVENING THE DYNAMICS BY LOCAL QUANTUM OPERATIONS AND REDISTRIBUTION OF CORRELATIONS
We now turn our attention to the effect of a quantum dynamical process, on the evolution of the quantum correlations due to the Hamiltonian evolution discussed in section III. The dynamical evolution of an initial state is interrupted by an instantaneous local quantum operation that effects a given spin. This is equivalent to the spin chain becoming an open system momentarily, and a quantum dynamical process or a quantum channel action takes place. This leads to abrupt changes in the distribution of quantum correlation and entanglement, that are subsequently even out as the background dynamics resumes after the quantum operation. We will consider both a unitary or non-unitary QDP interrupting the background evolution. The effect of the QDP on the quantum correlations can be very different, for integrable and non-integrable background dynamics. The background dynamical evolution of the state can be written as ρ(t) = U (t, 0)ρ(t = 0)U † (t, 0), where U (t, 0)) = exp(−iHt) denotes the unitary evolution operator that depends on the Hamiltonian that evolves the system. Following [14] , we will contrast the dynamical evolution of an initial state ρ(t = 0) to ρ(t) though the background Hamiltonian evolution, with that of the dynamical evolution of an initial state ρ(t = 0) toρ(t) where the dynamics is interrupted by a quantum process at t 0 < t. With the QDP occurring, the evolution of the state proceeds in three steps: (1) the initial state evolving to ρ(t 0 ) due to the background dynamics, (2) at t = t 0 , the state transforming instantly toρ(t 0 ) due to the action of QDP, (3) the state further evolving through the background dynamics toρ(t).
We can use the Kraus-operator representation for the evolution of the state due to the QDP. A local operation on m'th qubit can be represented by the Kraus operators {P i }, with the condition that P † i P i = 1. As the QDP occurs, the many-qubit state ρ(t 0 ) is instantaneously transformed into a stateρ(t 0 ) ρ through a local quantum channel action or decohering process N m on the m th qubit at a time t 0 . In this evolution, the operation transforms the input state into an output state through the quantum channel action, I 1 ×I 2 ×...×N m × ... × I N . The state after the QDP if given as,
where we have used the Kraus operators {P i } for the quantum channel, with the constraint that P † i P i = 1. In this paper we shall consider one type of quantum decohering processes, a simple projective measurement, in the eigen basis of the operator σ m .n. The Kraus operators for this QDP are given by, P 0 = (1 + σ m .n)/2, and P 1 = (1 − σ m .n)/2, corresponding to a measurement process (that measures σ m .n) on the m th qubit. In general, such a QDP can change the distribution of pairwise quantum correlations between two parts of the system as well as multiparty correlations among its various many parts.
The evolution of the various quantum entanglement and information measures can be very different in the two states ρ(t) andρ(t), the states without and with QDP occurrence respectively. The initial state ρ(0) undergoes transformation through a sequences of operations. First, there is a continuous unitary evolution from t = 0 to t = t − 0 . At t = t 0 , the state now is given by
In the next step, after the system undergoes a QDP i.e., a quantum channel action on the m'th qubit instantaneously, the state becomes ρ(t 0 ) →ρ(t 0 ). We will first consider a non-unitary QDP that is a local decohering process, as an example, a projective measurement of σ ple projective measurement done on the first qubit, in the eigen basis of the operator σ m .n. The Kraus operators for this QDP are given by, P 0 = (1 + σ m .n)/2, and P 1 = (1 − σ m .n)/2, corresponding to a projective measurement process (that measures σ m .n) on the m'th qubit. Now, the resultant state, immediately after the QDP occurrence, is written as,
In the third step, the state is further evolved to a time t > t 0 . Now, the final stateρ(t) is then given by,ρ(t) = U t,t0ρ (t + 0 )U † t,t0 , is given by,
Now, the expectation value of any operator O at a time t can be written in the following form,
t) .(47)
It should be emphasized here that the two expectation values, Õ t and O t , with and without the local instantaneous QDP intervening the unitary dynamics, will be differ only slightly. This is due to the fact that only one among N spins is affected upon by the QDP at the epoch time t 0 , and the state is evolved further with the unitary dynamics. Thus, these two states only differ to this extent, and both states are further evolved through the same Hamiltonian dynamics. The spread of correlations would also differ to that much extent only.
But unlike the previous section, the unitary QDP does not cause decoherence. The three steps of evolution that are involved here, are all unitary evolutions, as a result the initial pure state evolves into another pure state. The QDP operates on the m'th site at time t = t 0 . The intervening QDP being unitary, it can be generated using a Hamiltonian. The instantaneous local unitary QDP intervening the unitary Hamiltonian evolution can be viewed as an evolution with a kicked Hamiltonian. The new HamiltonianH can be written as a sum of two terms, the background Hamiltonian H that generates the background unitary evolution, and a magnetic field term H = σ m .n with a delta-function kick, wheren is the direction of the magnetic field at the 1st site. Thus, the total Hamiltonian covering all the three steps can be written as,H = H + H δ(t/t 0 − 1).
The second term in the Hamiltonian represents the instantaneous QDP operating on the given spin at t = t 0 . The unitary evolution operator for t > t 0 , is a product of three unitary operators corresponding to the three time steps, i.e., U t0,0 = e −iHt0 for the evolution up to t = t − 0 , followed by V m = e −t0 σm.n for the instantaneous unitary QDP, and U t,t0 = e −i(t−t0)H for the evolution from t = t up to time t. Thus, an initial state |ψ(0) prepared at time t = 0 evolves to the state |ψ(t) =Ũ t,0 |ψ(0) , the evolution operator is given by,
Now, similar to the non-unitary QDP, in the first step, the state evolves unitarily upto a time t − 0 with the Hamiltonian H, yielding |ψ(t − 0 ) . In the second step, the state is changed by an operation of V m , the first qubit undergoes a local unitary operation. This coherent or unitary process, which is a local quantum gate operation, is represented by an instantaneous unitary operation that acts on the state of the given qubit between time t = t 
where the various amplitudes are related to t 0 , the components n x , n y of the unit vectorn as, γ = cos t 0 and (n y + in x ) sin t 0 = δ. The stateρ(t) at time t evolving after the operation at t = t 0 is given as,
. Now, the expectation value of any operator O at a time t can be written in the following form,
The model parameter dependence of the evolution of correlations are expected to be similar for both these states. The pair of local Hermitian operators O(t) and V (t 0 ) or σ(t 0 ) from both the Eq. 47 and Eq. 50 on non-overlapping subsystems under time evolution with Hamiltonian will evolve into a complicated non commuting pair of operators even if they commute at the time of QDP (t 0 ). Certainly the product of three or more non commuting operators is different for different Hamiltonian dynamics. Note that the operator O can be a single site operator or a product of two or more number of operators belonging to different sites. For example, σ We consider two special casesn =ẑ andn =x to illustrate our results. For the casen =ẑ the QDP conserves the magnon number but forn =x the QDP mixes the even and odd sector. Just after the system undergoes a QDPn =ẑ on the m site the state at t = t 0 is given by,
where, |Ψ ± (t 0 ) ≡ 1±σ z m 2 |ψ(t 0 ). Further evolution of the system for a time (t − t 0 ) yields the state at time t, by,ρ
The state |Ψ(t) after the QDP becomes a mixture of zero and one magnon states after the QDP occurs. Where,
Here, the new time-dependent wave functions are given by,
The state can be calculated for finite number of sites N = 10 and differences of mutual information between different pairs δI(1 : 2), δI(2 : 3), δI(1 : 3), and δI(2 : 13) are plotted in Fig. 8 Fig. 8(e) for the same. This time the QDP is decohering and also changes number of down spins in the system. Due to occurrence of the QDP at the second qubit (m = 2) the quantities I(1 : 2), I(2 : 3), and I(2 : 13) decreases immediately after the QDP as shown in Fig. 8(a), 8(b) and 8(c) . But due to the interference effect between the background dynamics and the QDP the the mutual information between first and the third qubit can increase for a small time. Also we can see from Fig. 8(d) the the quantity I(2 : 13) also decreases due to the QDP. As shown in Fig. 8(e) the value of the quantity I 3 (1 : 2 : 3) becomes negative for a small time after the QDP. Here also due to the decohering and non number conserving QDP TMI can become negative implying scrambling.
Since we have shown in the previous section that XY model with transverse field shows scrambling behaviour for certain range of Hamiltonian parameters it is interesting to see what is the effect of a local decohering process on the dynamics. In this case, since Jordan-Wigner transformation is a non local transformation, it is difficult to find correlation functions for non nearest neighbours and elements of three qubit RDM analytically. So we take a full numerical approach to the problem. The difference of mutual information between first and third qubit δI(1 : 3) for XY model with transverse field with set of parameters (J x = 0.7, J y = 0.3, h = 0.1), (J x = 0.7, J y = 0.3, h = 1.0), and (J x = 0.7, J y = 0.3, h = 10.0) as a function of time t and time of QDP t 0 is plotted in Fig. 9 (a), 9(b) and 9(c) respectively. The QDP here is a projective measurement along σ z on the second site. For the case h = 0.1 the quantity δI(1 : 3) is mostly negative implying that the QDP insignificantly increases the mutual information between first and third qubit as seen in Fig. 9(a) . However, for the other two cases h = 1.0, and h = 10.0 the QDP can slightly increase the mutual information between first and third qubits. Tripartite Mutual Information I 3 (1 : 2 : 3) as a function of time t and time of QDP t 0 for same set of parameters in Fig. 9(d) , 9(e) and 9(f) respectively. The quantity I 3 (1 : 2 : 3) for h = 0.1 without any QDP is negative as shown in Fig. 6(c) , after the QDP it does not flip its sign and remain negative as seen in Fig. 9(d) . For the cases h = 1.0 and h = 10.0 the quantity I 3 (1 : 2 : 3) can flip its sign for a small time after the QDP as seen in Fig. 9 (e) and 9(f) respectively. Fig. 9 imply that the QDP can change the a non-scrambling dynamics to a scrambling one but the reverse is not true.
Finally, we consider the coherent QDP intervening the dynamics. Coherent QDP mixes all the odd -even sectors of the dynamics. The two-qubit RDM no longer remains in the form given in Eq. 1. The coherent QDP or unitary process, which is a local quantum gate operation, is represented by an instantaneous unitary operation that acts on the state of the given qubit between time t = t Fig. 10 (a) and 9(c) respectively. However, for the case h = 0.1 the QDP can slightly increase the mutual information between first and third qubits depending on the time of QDP t 0 . Tripartite Mutual Information I 3 (1 : 2 : 3) as a function of time t and time of QDP t 0 for same set of parameters in Fig. 10(d) , 10(e) and 10(f) respectively. The quantity I 3 (1 : 2 : 3) for the Heisenberg model after the QDP it does not flip its sign and remains non negative as seen in Fig. 10(d) . For the case h = 0.1 and h = 10.0 the quantity I 3 (1 : 2 : 3) does not flip its sign after the QDP and remains negative as seen in Fig. 10(e) . But for the case h = 10.0 the quantity I 3 (1 : 2 : 3) flips its sign and becomes positive to negative for a small time after the QDP as seen in Fig. 10(f) .
V. CONCLUSIONS
We have studied the dynamics of quantum correlations in spin chains for various model Hamiltonians. In the section III, we start with a simple initial state, an entangled pair at the first two qubits and then let the system evolve unitarily. Bipartite quantum correlations have been calculated to show how the information coded in the first two sites as a form of quantum correlation spreads out to other location. We have seen that the spreading of quantum correlations takes place when the dynamics is restricted in a subspace of the total Hilbert space. In the cases of Heisenberg model, transverse field XY model with a large field and kicked Harper model, where the number of down (up) spins is a conserved quantity, entanglement spreads consistently to other parts of the system. On the other hand, for smaller values of transverse field XY model and Ising model the propagation does not take place from the first two entangled sites but correlations generate in the system. Now, we understand this from the perspective of quantum scrambling. We have found that Heisenberg model, kicked Harper model and transverse field XY model with large value of the field does not show scrambling for one down-spin states. However, for other states where the dynamics is confined in one particle sector scrambling occurs. Whereas, with a small value of the field (0 < |h| < 1) XY model and Ising model show scrambling behaviour. We have also seen that quantum integrability or non integrability does not play any direct role in scrambling. The kicked Harper dynamics, a non integrable model, does not show scrambling behaviour but XY model with a transverse field, an integrable system shows scrambling.
In section IV, we have investigated the effect of local QDP, both unitary and non unitary on correlation dynamics on correlation dynamics. We see that the signal from the local QDP can interfere with the background dynamics and change or sometimes enhance the quantum correlations between two sites. We have illustrated in some examples where a local projective measurement at the second site increases mutual information between first and third site. We have also found that local non unitary QDPs can cause scrambling even when the background dynamics is non scrambling. Negative value of TMI has been observed around the particular site, where the QDP occurs for a small time after the QDP. This can be seen in Heisenberg model and transverse field XY model with a large field. For coherent QDPs, scrambling has been observed for a small time for transverse field XY model with a large field, while in other cases scrambling does not occur. But the cases where the background dynamics already showing scrambling behaviour, local QDPs does not prevent the system from scrambling.
